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I. INTRODUCTION AND SUMMARY

This contract was for research and development of a ring

resonator for sensing applications. This program was driven by

the possibilities of passive ring resonator approach to inertial

rotation sensing. The resonator consists of an integrated optics

ring fabricated in glass with as large a diameter as possible.

Coupling onto and off of the resonant ring is provided by direc-

tional couplers, straight-channel waveguides in close proximity

to the ring. Such a ring has applications not only for inertial

rotation sensing, but also for other sensing applications, such

as temperature, acoustics, and wavelength.

During the first part of this four year research period we

studied loss mechanisms in glass waveguides. We were able to

develop techniques to reduce the loss to less than 0.1 dB/cm,

adequate for high finesse ring resonators. We also developed

the process of laser writing, in order to obtain large diameter

masks suitable for ring resonator applications. Finally, we

fabricated and characterized a ring resonator, determining that

its properties agreed with design calculations. The contract

was over before we were able to fabricate a ring resonator with

a single mode waveguide on low-loss sbustrates. We predict,

however, on the basis of this program, that high finesse large-

diameter resonatorsin glass are indeed possible, and will have

applications to inertial rotation sensing, high resolution wave-

length measurements, and other measurements such as temperature

and acoustics. Our preliminary research indicates that further

development is needed to fulfill the potential of the glass ring

resonator.

A. Outline of report

This report is divided into sections describing each of the

research areas investigated during the course of this project.

Section II describes the characteristics of the ring resonator

itself. These results were published in SPIE proceedings, and

are currently being prepared for more complete publication in the

Journal of Lightwave Technology. We made three ring resonators

4 cm in diameter, each with approximately seven lateral modes in

the waveguide, and each demonstrating resonance. The best
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resonators showed finesses on the order of four with the signal

superimposed on a non-resonant background occuring from the

multimode character of the waveguides and/or from depolarization

which was later measured. The measured finesse agreed with the

calculated finesse based on measured losses and coupling effi-

ciencies in the directional couplers. Design calculations show

that finesses on the order of 20 should be obtainable using the

techniques developed in this contract.

Section III gives details of a measured depolarization

occurring in waveguides with uneven walls. Such depolarization

causes a large nonresonant background in the ring resonator and

must be understood and eliminated before the resonator is fully

optimized. We have proven that the depolarization is due to edge

roughness in the mask and can be reduced considerably by using

good quality masks. TM modes were shown to have considerably less

depolarization than TE modes, although sufficient that it was

typically 6% per centimeter. Since the ring resonator is roughly

12 cm long, this small depolarization becomes large in the

resonator - typically between 25 and 50%. Further research is

required to determine the fabrication-dependence of such depolar-

ization. We are currently writing these results up for publica-

tion and would like to continue research in this area.

Section IV describes the directional couplers used in the

ring resonator, explaining why only the highest order mode was

coupled out of the ring resonator. Good agreement was seen

between measured coupling efficiencies and theoretical modelling.

Section V describes our waveguide fabrication techniques
and shows the refractive index profiles obtained under different

conditions. Recent emphasis has been placed on ion exchange with

KNO 3 into specially prepared soda-lime glass. These results will

be published in the Journal of Lightwave Technology.

Section VI describes our extensive research into the losses
in glass waveguides, some of which have been published in Applied

Physics Letters, others in SPIE proceedings and still more are

in manuscript form at the present time. We show that using Schott

S3 glass, speciallly prepared without fining agents, three-mode

17YI



planar waveguides can be fabricated with losses the order of

0.1 dB/cm at 0.63 um. We show, furthermore, that losses are less

both for longer wavelengths and for waveguides buried below the

surface. Finally, we show that channel waveguides have roughly

the same loss as planar waveguides. We therefore expect that

losses approaching .01 dB/cm will be obtained at 1.3 jim.

Section VII lists references which are useful to understanding

aspects of the ring resonator referred to in this report.

Section VIII contains a list of publications, presentations,

contacts with industry, government and universities, and a list

of personnel involved in the program. Section IX contains selected

reprints on losses in glass waveguides and on laser writing.

B. Additional Research Required

The concept of the large-diameter ring resonator in glass

has been demonstrated. However, there are some further developments

required to achieve optimum performance.

First, the resonator must be fabricated on $3* glass, which

we have demonstrated has suitably low loss, to increase the

finesse. Second, the directional coupling efficiency onto and

off of the ring must be reduced. This can be achieved by using

a shorter fabrication time, resulting in waveguides which are not

so deep or wide. Finally, operation at longer wavelengths must

be demonstrated. We expect to achieve a single mode ring at 1.3 um

with the ring mask we currently have available. We also expect

that both the losses and directional coupling efficiencies will be

less at these longer wavelengths. We expect that finesses approach-

ing 20 can be demonstrated using our laser-written mask.

In a parallel effort, a new mask must be obtained which has

narrower channel waveguides and more symmetric directional couplers.

We are prepared to make this mask by laser writing. In addition,

comparison with commercially obtained masks should be made, to

determine which has the least edge roughness.

There are three research areas remaining as an outgrowth of

our pioneering experiments. First, we need to characterize,

quantify and eliminate the depolarization we have discovered.

Second, we need to refute, or confirm, possible evidence of a

degredation of ion-exchanged waveguides with time. This latter

effect, if true, will mean that alternative fabrication techniques

such as field-assisted diffusion in which we observed no degredation,

should be used. Finally, we need to develop ion-exchange techniques
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to bury the waveguide below the surface and further reduce its loss.

C. Ring Resonator Device Considerations

We have measured a finesse of 4 in a ring 12 cm in circumference.

Given the ability to detect the center of the line of 10% of its

width, the experimental resonator can be used to sense changes of

1/40 of its interorder spacing. Consider that a temperature change

causes a length change with a coefficient of linear expansion of-5
glass of about 10 /C. Thus a circumference of 12.5 cm will

increase by 1.25 Lim/ 0C, or roughly three wavelengths (measured in

the medium) per degree. Since 1/40 of a wavelength can be resolved,

a temperature change of .010C can be measured. Correspondingly,

a frequency change of 5 x 10 A can be measured, resulting in a

fringe shift of 1/40 of an interorder spacing.

When we build a resonator with finesse 20, the center of the

resonarze can be easily determined to 1/200 of the interorder spacing,

and the sentivity to temperature and frequency shifts will be five

times larger. That is, .002 0C and 1 x 10- 4 A respectively, can be
measured. With somewhat more sophisticated signal processing

techniques, ten times greater sensitivity should be achievable.

For inertial rotation sensing, the passive ring gyro will

require higher finesse and more sensitive methods of measurement

to approach the performance of the fiber gyro. Assuming, as above,

that the center of the resonance can be determined to 1/200 of the

interorder spacing, the ring resonator should be able to sense

188*/sec rotation. This is determined from the Sagnac effect:

AL = (4A/c),

where A is the area enclosed by the ring, and c is the velocity of

light in vacuum andn is the angular rotation rate. By increasing

the finesse to 200, (eliminating residual losses and reducing the

coupling efficiency onto and off of the ring) and by improving

the sensing techniques so that the center of the resonance peak
3can be determined to one part in 10 , the sensitivity can be

improved to measure 0.2*/sec. This approaches the sensitivity of

the fiber gyro reported by McDonnell Douglas, and would be a

convenient integrated optics device.
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Optimization of the size of the ring resonator is determined

by the loss per unit length. In the limit in which the linear

loss dominates the finesse, it may be given approximately by

F = (ar)- . The 1/r dependence cancels one power of the radius

dependence in the rotation angle, and we find that the sensitivity

is proport onal to the diameter of the ring, not its area. In

particular, when the losses are .01 dB/cm, a = .0023 cm - , and for

r = 2 cm, F- 217. Since we have shown that, in principle, the

losses may approach .01 dB/cni, then F = 200 and rotation rate

sensitivities of 0.2*/sec will be obtainable.

It must be noted, however, that extremely stable laser

sources must be used with this resonator in inertial rotation

sensing. Conversely, the ring provides an excellent means of

measuring the wavelength of lasers which are not stable in

frequency. This makes the integrated optics ring resonator into

a wave-meter. It has advantages over conventional Fabry-Perot

interferometers because there is no retro-reflected signal.

Such a convenient wavelength sensor can also be used in wavelength

stabilization feedback schemes for dye lasers or semiconductor

lasers.



II. RING RESONATOR

In this section we describe our results on the first large-

diameter resonators ever made in glass waveguides. This work

was first reported at SPIE in Washington in May.

A. Summary of Results

The geometry we use is shown in Figure II-1, and consists of

a ring waveguide approximately 20 um wide with directional couplers

onto and off of the ring. The mask used to define the channel

waveguides was fabricated in our laboratory by Laser Writing.

Difficulties in fabrication of the mask used for the ring

reported here caused the width of the ring channel to vary from

a minimum of 15 um to a maximum of 25 vm. The directional

couplers which couple light onto and off of the ring are shown

in Figure 1, and are seen to have a separation of 51 and 12 um,

measured from inner edge to inner edge, at the closest spacing.

The varying width of the ring waveguide introduces mode mixing

and can be corrected in the future using a better mask. The

fact that the two waveguides in the directional coupler are not

identical is not a serious problem, however, because only a

small percentage of coupling is desirable to achieve a high fin-

esse resonator. The coupling coefficient measured in the

experiments reported here was larger than optimal, and increased

waveguide channel spacing would be advantageous and would in-

crease the resonator finesse.

The waveguides were fabricated by ion exchange from a

KNO3 melt at 400
0C. Channel definition was accomplished by

a

coating glass substrates with 2000 - 4000 A aluminum as a

mask against ion exchange. Channels defining the optical cir-

cuit were opened in the aluminum using photolithography and

chemical etching. Ion exchange for between 2 and 4 hours

resulted in waveguides which contained two or three out-of-

plane modes and five to seven in-plane modes. From determinations

of the index profile using the WKB method on planar waveguides,

we estimate that the thickness of the waveguide was between 3

and 5 um. The substrates were Eastman Kodak Lustra Glass,
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Figure II-1. Mask and measurement apparatus for integrated
optics ring resonator showing dimensions and
the directional coupling region.
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which are a convenient source of flat soda lime silicate glass

of the proper dimensions. Experiments to measure the losses in

planar waveguides in similar glass showed losses the order of

0.5 dB/cm.

Three ring resonators were tested, and the results of

ring No. 3 are shown in Figure -1-2. The resonators were driven

through their resonances by heating. Excitation was with a

single frequency HeNe laser,- The curves are the transmission

as a function of time, as the interferometer slowly cools.

Several features are noted in these curves. First, there is

a large amount of background light which does not have

resonance behavior. This may be due to intermodal scattering

within the ring, which will be discussed below. Secondly, the

slow increase in the period with time is caused by a nonuniform

cooling rate. Third, the slow drift in intensity is caused by

changes in input prism coupling with temperature and would be

eliminated with end-fire coupling and lastly, the finesse is

under four, due primarily to waveguide loss.

The depe: Ience of resonator finesse on waveguide loss can

be seen from the expression for the transmission of the ring

resonator, which is given by

Tr - 2 T 2(1-R) + 4R sin (

with T and R given by

T = K1 2 K3 4 exp(-7Tar) (2)

and

R = ( 21) (-K 34) exp(-- Tr) (3)

where K is the power coupling efficiency from the ith to the

jth waveguide (defined numerically as shown in Figure 1), a is

the loss per unit length, r is the radius of the ring and 0 is

the round-trip phase change for light in the ring. The fact

that the guides were multimode and nonidentical results in
K ij 90 K ji •
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MEASURED RESONANCE IN RING #3

7-1 7

I ..

' " ... .... i k r

Figure 11-2. Measured resonance in ring No. 3,

determined from the transmission as a
function of time while the device is
cooling.
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Careful measurements of the coupling coeffients were made

for devices with two different fabrication conditions and are

shown in Table II-1. It should be noticed that decreased diffusion

time causes a decrease in the coupling coefficients, presumably

since there is less ion exchange under the mask. Even allowing

for ion exchange under the mc.):, the closest approach of the

inner edges of the two waveguides is 5 um. In numerical simula-

tions of the directional coupler, we observed that there is

negligible coupling of low order modes when waveguides are

spaced as far as 5 ;m. However, higher order modes will have

larger coupling coefficients and produce measurable coupling

between the two waveguides.

Photographs of the mode pattern prism-coupled from the out-

put arm of the interferometer show that the light is in the

m = 6 in-plane mode, when the resonator is both on resonance,

and off resonance. Furthermore, there is only one mode in the

direction transverse to the plane of the ring. Photographs of

the modes prism-coupled from the ring, however, show that all

three modes transverse to the plane were coupled from the input

arm onto the ring. Of these modes, only one is directionally

coupled off into the output arm.

The fact that only the highest order mode is coupled out

of the ring makes it possible to see resonances in the resonator

even in the presence of a large number of other modes. However,

the presence of other modes in the ring is probably responsible

for the large amount of background nonresonant light. This iay

occur because of mode-mixing due to scattering within the ring.

Such scattering can be seen in the m-lines from planar waveguides.

This means that although light of several modes was excited into

the ring, much of this light scatters into the highest order

mode, travels around the ring, and couples out in a nonresonant

fashion.

The expected model for the transmission function of the ring,

in the presence of a nonresonant background is

T = Tr + Tb  (4)

where Tr was described in equation 1 and Tb is the background

r 1MIMMI M



TABLE 11-1. PARAMETERS OF MEASURED RESONATOR

RING # MEASURED K K K K ION LOSS

FINESS i1 %34 %43 EXCHANGE DBC

(HOURS)

2 2.2 15 25 54 16 4 1.23

49 18

3 3 ASSUMED SAME AS #2 4 0.6

4 4 6 16 33 14 2's 0.4

21 32 10
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level.

The finesse is defined as the ratio of the width of the
resonance, Tr to the interorder spacing, independent of the

background level. The finesse can be expressed in terms of

the reflectivity of the resonator as

F = T. (2Iin1 (21(+R) (5)
(1+2

This may be inverted to give the reflectivity in terms of

the finesse:

1 - sin("/F)R = cos(/F) (6)

From a determination of the reflectivity R and measurement

of the coupling coefficients Ki., we determine the loss per unit

length through the expression

=_ - ln 1 1-K21 /1-K34  cm (7)

In terms of dB/cm, the loss is k = 4.3a.

Losses calculated by this method are shown in Table II-1. The loss

calculated for ring No. 2 is high because there was a break in

the ring caused by incomplete removal of the aluminum mask in

the waveguide channel before ion exchange. The losses measured

in the other two rings are comparable to that measured in planar

waveguides fabricated in similar glass by the same techniques.

The longer diffusion time causes more ion exchange and a higher

value of An at the surface, which causes more intermodal

scattering and somewhat higher loss.

Attempts to measure the loss in the ring directly by com-

paring intensities of light coupled out with a moving prism led

to much higher values of measured loss, on the order of 1.4 db/cm.

However, after this measurement was made, the ring no longer

showed any resonance behavior, suggesting that surface deforma-

tions caused by placing the prism directly on the ring caused
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irreversible damage and an anomalously high measured value for

the loss in the channel. Measurements of the finesse offer

the most accurate determination of loss, here about 0.5 dB/cm.

The ring we have fabricated will have fewer modes if it

is used at longer wavelengths. To understand the wavelength-

dependence of the guides, we model the transverse modes as

those of a planar waveguide of inverse hyperbolic cosine

square profile. In this case, the number of modes at cutoff

is given by

2M + 1 5 /1 + V7 where V 2d /2-nn (8)

Since light at 0.63 vm wavelength propagates in 7 modes in a

waveguide of width 12 um, the V parameter is 15 and the index

increase inside the waveguide is An = .0052. If the wave-

length is increased to 0.83 or 1.3 um, the number of modes

is decreased to 5 and 2, respectively. Reduction of di~tusion

time will reduce the number of modes still further, and fewer

modes should reduce the measured nonresonant background.

The use of longer wavelengths has also been shown to

reduce the loss in waveguides by typically a factor of three.

In addition, losses of less than 0.1 dB/cm at 0.63 um have

been measured in planar waveguides fabricated in Schott S3

soda-lime-silicate glass which was specially prepared without

fining agents. Finally, burying the waveguide below the surface

will reduce the loss even further. In figure 11-3 we show the

results of a calculation predicting the finesse of several

values of waveguide loss and coupling coefficients. We see

that a finesse of 16 should be measured if the loss is reduced

to 0.1 dB/cm and the directional coupling coefficients reduced

to 5%.

The resonances which we measured were produced by heating

the waveguide. The temperature dependence of the optical path

length in glass is given primarily by the expansion of the

material; the coefficient of linear expansion of glass is
-5 5about 10 /°C. Since the light travels about 2 x 10 wave-

lengths in the ring, a change in temperature of 1C should
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cause the resonator to track through two resonances. This gives

a measure of the sensitivity of the ring. Even with the poor

finesse in the device we have published here, we can find the

peak to about 20% of an order, so that temperature changes on

the order of 0.1*C should be measurable with this ring.

Increasing the finesse a factor of five will increase the

sensitivity a factor of five. However, the use of the ring as

a temperature sensor requires a stable laser input.

Conversely, the ring may be used to monitor frequency

shifts in a laser. The wavelength monochromaticity required

by a resonator is given by 6X = AX/F where AX is the free

spectral range of the interferometer = A 2/27nr. This cor-

responds to a frequency stability of 5 x 10 A, required to

stay on resonance for a resonator with finesse = 4.

This means that this resonator is an excellent means for

measuring drift in lasers which have a tendency to drift in

frequency. It may also be used in connection with feedback

correction to stabilize the laser output. This may find

application with narrow linewidth semiconductor lasers.

A particular advantage of the ring resonator over a

Fabry-Perot is the fact that off resonance the light is not

reflected back toward the source but continues out the input

channel, thus causing no interference with the source.

B. Additional Considerations

In this section we present several items of data on the

ring resonator which were not reported at SPIE.

First, Figure 11-4 shows the resonator transmission for

ring No. 3 when two modes are excited. We have superimposed

with dashed lines two traces with the finesse shown in Fig-

ure 11-2, which can be seen to explain the experimental trace.

Clearly it is required that only one mode be coupled out of the

resonator if the highest resolution is to be measured. The

variable spacing results from a nonuniform cooling rate.

For comparison, single-mode traces of resonators Nos. 2 and

4 are shown in Figure 11-5. The poor finesse of No. 2, which
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Fig. 11-5 Interferograns of two other ring resonators

A) Ring #4, showing a
finesse of 4

'~14

I _ I I I

!f It Il IB) Ring #2, showing
a poor finesse due
to excess loss in

-YI
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had unusually high loss is evident, along with the higher

finesse of No. 4.

The guides of the resonator were typically highly multi-

mode, but only one mode was typically coupled into the output

channel. The largest coupling coefficient occurs for the

highest order mode. Proof that only the highest order mode

was coupled out of the ring was provided by a photograph of

the far-field of the guided wave in the output channel. This

is shown in Fig. 11-6 and demonstrates the seven-lobed output

of higher-order mode.

A lossy ring resonator can be used as a channel-dropping

filter , without the need for the output arm. We did not

measure this property of our ring resonators and it remains

an area to be investigated in the future.

Several effects came up in the study of these resonators

which we were not able to fully pursue. Further research is

required to illucidate the reasons for these effects.

First, we observed a depolarization of light travelling

within the channel waveguides, both straight and curved. This

depolarization was not known when the preliminary measurements

on resonator finesse were completed, so it is not known how

much of the background measured in the output was due to de-

polarization effects. A later section discusses depolarization

in more detail.
Second, we found that after a period of time the ring

resonator no longer showed resonance fringes. In ring No. 2

we believe this was due to pressure on the surface of the wave-

guide from the prism introducing additional loss and destroying

the finesse. In the other rings, we postulate thatoperating

them at elevated temperatures during the heating to measure

resonance may have caused diffusion of sodium. Indeed,

eventually these samples no longer acted as waveguides. The

temperature range over which these devices may be safely oper-

ated remains a problem for further study.
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Fiqure II--6 Output channel of ring interferometer. Far
field of the output of a prism coupler.



Se.eral experiments were performed to snec::alIv i:

-or _ e.g3raJation, although .efinitive exreriments ::i .  .

com oletel bv the end of the contract. T_-or ex-. '

4 .,7as kept Ln a clean room an out of the 7resen-c o§ -

(.excezt -:Dr safel-qhts). Prism couolini injicate ? hat-

sienal transmitted through the rina resonator was :i:e times

weaker after a month than its orioinal value. The nunr'

nodes in the output was approximately the same as rreviouslv,

althoci-h 7erhaps there was on" less mode.

Not onlv the output of the resonator was much less than

-.,a! ' ,, the output of the straight channel was also less . .. -'s

either prism coupling was not as effective, or the wavecruide was

much more lossy. Further experiments must be undertaken to iden-

tifv whether this is a real problem.

Similar indications of possible degradation were also seen

in olanar waveguides. For example, in microscope slides, irmeii-

ately after ion exchange in KNO 3 for 30 minues, we observed a

single mode. However, after approximately one month, we observed

two modes, separated by approximately .005 rad. We are not sure,

however, whether this is a real increase in the number of modes,

or an improvement in our ability to measure weak modes. Degrada-

tion has been suspected in ion exchange wavequides in LiNbO 3 also.

We propose a continuing investigation to decide whether or not

legradation exists.

We were not able to complete fabricating a single mode

ring resonator before the end of the program. It remains a

subject of great interest to study the behavior of such a

resonator, as well as to determine its stability.



7'-e lar~e non-resonant ckruiz h tutotA 1

nterferomete-r cause_1 -:s to "a sion the-oss<o no[-~-:.

of light in the wa-.- eies. We ma • ] e

and 24, finl sizeahLe .eolarzation. in this sec-n-;

we describe 2:.:neriments :e made to investiaate ]epolari7ation,

and discuss the theoretical aspects.

A. Mode-canversion in :ie Thannel r.7aveguides with fi:ed Eze

Roughness

:n order to investi:ate the cause of mode-conversion, we

made a mask which consisted of a single channel waveguide dis-

claced an- recrinted to produce wider channels with the same wall

roughness. A Photograph of one such pattern etched into aluminum

before ion exch:ange is shown in Fiq. TII-i.

The measured mode-conversion is olotted as a function of wave-

:uide width for waveguides between 30 and 150 um in width. Two

different samples were fabricated and the data are shown in Piqures

111-2 to 111-4. The first two are tor two different samples,

when the distance between the input and output coupling prism was

approximately 3 mm. In Fig. 111-4, this distance was 0.8 mm. In

every case the depolarization is found to increase dramatically

as the waveguide width narrows. Depolarization decreases to only

about I% by the time the waveguide is 150 .i wide. Measurements

on planar wavecuides showed apparent depolarization of about 0.1%,

while crossed polarizers transmitted only 0.02'- The sional

measured with planar waveguides is attributed both to limits on

alignment accuracy and to small amounts of scattered light.

In both samples, measurements at 3 mm showed comoarable deoo-

lard ation when the waveguide was excited with TE polarization.

However, the depolarization of T 11 light differed dramatically in

the two samoles: in one case the deoolarization is essentially

oolarization-in ecendent, while in the other case the TE modes

became depolarized at rouqhly twice the rate as T" moees.

In addition to de:olar:zation, the waveauides exnerience node

conversion an! loss which is a function of dis tance, since the mode
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.1

WIDTH: 32 30 48 98 136 micrometers

Figure III-1. Mask used to fabricate wavequides of fixed
edge roughness and variable width

3W-
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Fig. 111-2. Depolarization as a function of wavegq;iie -,:;Jth,
sample 4. Measurements were made at a d~stance
of 3.5 mm from the input coupler.
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Figure 111-3. Depolarization as a function of waveguilde
width, sample 05. Measurements were made
at a distance of 3 mm from the input coupler.
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Figure 1I-4. DepoIarizat In as a funct:on o Ifave -.,;a%, w>th,
samp'e -5. Measurements were made a- a ,-lstance
"f 0.8 mm from te input copl er.



content is a function of distance. in orier to at, -

fects from depolariZation, we measured ieoolarizvurn w: .

short a guiding length as possible: C. 3 m. 7he U .

in Fig. 1T1-4, indicate similiar behavior to the results : ,

although approximately half as much iepolarization. i n3tes

that, for these samples, depolarization aooarently was not linear

with distance.

The question arises as to whether the depolarization occurs from

the prism coupling process. We therefore preparei a sample and used

endfire coupling to excite the modes. We monitored the polarization

of the output both with endfire coupling and with prism coupling.

In each case we saw depolarization comparable to that measured with

prism coupling. Thus the depolarization does not occur in the prism.

The fact that depolarization depends on the width of the channel

indicates that it is probably due to waveguide roughness.

Since these waveguides were multi-mode, we attempted to measure

the mode-dependence of the depolarization. The results were incon-

clusive. Table III-1 shows the results of depolarization in these

waveguides. It was not possible to be specific about mode number,

but to compare "low" with "high" order modes. The mode dependence of

the depolarization can be seen by looking at the far field mode

patterns for light coupled out of the guide with a prism. Fig.III-5

shows photographs indicating that the depolarized component has

light only at the edges of the channel waveguide, in a higher order

mode than the pol.arized component.
R. Depolarization in waveguides fabricated with a high quality mask

We obtained a mask which was much smoother, and fabricated 6 _m

channels in an aluminum mask. By using shorter diffusion time we

obtained single mode guides in depth. After ion exchange we saw

that some waveguides retained the 6um width, while some other wave-

guides widened in an irregular fashion. We explained this by a

local lifting of the aluminum mask during ion exchange. This process

led to waveguide roughness and increased mode conversion.

Selecting the best waveguides, we plotted the percent Ienolari--

zation as a function of distance for both TE and TM modes, shown in

Fig. 111-6. In this case the data could be fit to a linear lenqth

-- - I ,,'- q . .. .. . . .
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TABLE I,--i
MOE-ZEPENDENCE OF PERCENT

DEPOLARIZATION IN CHANNEL WAVEGUIDES

WAVEGUDE LOW LOW HIGH
NUMBER ORDER MODES ORDER MODES

i 9.4 20% 7% 12%

2 21) 33

3 17 13

4 4 10



E I N

TE OUT

I M OUT

TM IN

ThI OUT

TE OUT

Figure 111-5. Mode dependence of ipolarized light. Upper

pattern is the input polarization, showing two mcdes out of

the coupling prism. Low,,er pattern is the iepc,'-arizec.

component, sho'.;in- i hi,:,her ;rdoer trans-:or-se Tl.A S.-zcet':

for clarity.
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Figure 111-6. Percent depolarization as a function of distance,
for a good quality wavequide of 8 --m wicath
(channels 5,6,7)
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Figure 111-7 Histogram giving number of channel waveguides
with a given percent depolarization
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dependence (the high value of depolarization f7r

mode at a distance of I mm is attributed to 3cattere :.

the prism coupler). Furthermore, there is r 2ate

times more depolarization for TE modes than f.r 7.

111-7 shows a histoaram of the number of wavei :i~es D1:tae.,.

particular valle of depolarization at a coupling length of

What can be seen is that there were a few excellent qui4es

little mode con.'-rsion. There were also nuite a few --cr "av.-

quides with 13> -epolarization' for TM modes and 32; lenoiarizati:n

for TE modes. Finally, there were a number of wavequides ze-.,-'

two extremes. On the whole, however, the TM modes have rouh, . 2.

times less mode conversion than TE modes.

Clearly fabrication techniques must avoid irregular sidewalls if

depolarization is to be eliminated.

C. Depolarization in Direc,-iona! Couplers

Table Ii-2 shows the depolarization in directional couplers for

two different devices. These correspond to the two different direc-

tional couplers used in the ring interferometer. The nomenclature

is the same as in section I. It can be seen that there is a stronq

tendency of the coupled power to be converted from the input polari-

zat ion.

In order to analyze the polarization characteristics of the out-

put of a directional coupler, we plot the power out the two arms

as a function of the angle of the analyzer. This data is shown in

Figure III-q. The value of the signal with the anal,.yzer rotate!I to

900 represents the amount of depolarization in each Df t:'-

since the input polarization was TM, defined as angle 00. :t can be

seen that the light out each arm is partially polarized, but the de-

gree of polarization of the coupled light is very small.

D. Depolarization in Ring Interferometer

Finally we measured the polarization of the output of the nfero-

meter *4, shown if Fig. 111-9. This particular device had a nolari-

zation of approximately 50A. It can be seen tiat the anile o' 7axium

polarization is not perp-nlicular to the plare )f the wa-eJ i e

The maximum measured at angle 200 represents a real, exner.... -ntill

measured angle. This polarization rotation was often observe[

and differed from sample to sample.
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nput, the ercent of the rt ::: t:,at

for varlou;s iL;nmentS. C --. ie o! t1mLZe 2 or
output, 24 :o2riZatior. .- eas'rel. With th, .eve e- f-r

the lowest _ro.r mile in the strai Tht-throudh channel, the .

ization in te2 output channel was>D Finallv, with -e l-- - -

set so th.at the straiht-thryoh channel had a higih or e- moe, te

depolarization on the output o.!annel was 31i. It thus accears

that oceratin the ring in a low order mode causes more declarizaticn.

.made attmts to reduce the decolarization by annealir. the

waveguides. ',,e heated the samples at 400 0C for 15, 30, 60 and 90

minutes. in each case the depolarization remained. Further

annealine destroyed the waveguiding. These results do not agree

with rezorted results in BK7 glass (Iguchi, SPIE, May 1983).

Theoretical Analvsis of Depolarization

We have not been able to complete a study )f the theory of

depolarization due to edge roughness of channel waveguides. How-

ever, we believe that this effect has a reasonable explanation,

based on its similarity to depolarization in cylindrical waveauides

due to elliptical nonuniformities.

It is well known that edge roughness will cause mode-conversion.

Marcuse has given a theoretical calculation for this effect in

planar guides. Under this assumption, no polarization conversion

occurs. He has also given a calculation for polarization conversion

in circu' r waveguides due to elliptical imperfections. The case

we have here is somewhat between the two cases. In rectangular

waveguides, there is no separation between the two polarizations,

but they will be coupled by imperfections. We can estimate this

by calculating the dispersion curve for the rectangular wavequide

using the effective indeN method. W' will then know the period of

perturbations which will lead to moor? conversion. The depolariza-

tion comes from the rectangular natu, c f the waveguide. Calcula-

tions are recui.ed to Drove that oolarization conversion results

from edge roughness, and to verify the experimental results.



D:REC=T:NAL C'OP'-

Before we fabricate'd . . . .. .. - . -

-easurements on Iirectional coui.<r., :.. :

r.... .... s c - a to cOupl e onto :-lj :.

The -eometr: of the ui . . tionl - " ... -

Ficgur e :V-" I : :'ade a s r ,Cs ot ue::es z~- :

different ion exchancge times. he 7-.eas r-

as a function of ion echane t:me i aso st'own - V -

Prism couclin: was ised to e e:< C 4 t e n: e
.uide. The coupling efficiency determlned bv measur:ng the

',ower n both the straiqht and cur.ed qu:des is Ien bv

= [PC/ (PC + 1S) , x 100.

The initial increase and then decrease in coucling efficencv

reflects the effects of lateral diffu sion which alters both the

wavecuide width and the distance of closest aporoach for the

waveauides.

The lack of coupling for short diffusion times indicates

that the waveguides were semarated too far acart for couplin7 to

take clace. As the diffusion time is increased, diffusion

proceeds under the masK; the effective cuide width increases and

the guide seoaration decreases. From data to be cresentel in

Section V for the guide thickness as a function of diffusion ti-,e,

we have plotted values for guide thickness under tnose for the

ion exchange time. Consider Fig. :V-2a. It can be seen t.at the

guide separation decreases by approximately twice the waveu-:__e

thickness. It is then possible to plot the coupling efficn

as a function of waveguide separation, shown in Fia. IV-2b. rhe

data show that the waveguide separation for maximum trns-ss:.

is approximately 5 .m. For too lonq a iiff:in tine *-h,- .*-.-.-_

merge and the coupling efficiency is -!>.

The theory for the coupling ef f i- s y o a:

-irectional couplers has been publish e . b . Fi -. Lsin

a similar computer calculation, we obtat tce iun fl2 -eM- ..

as a function of cuide s c n3ctn jv.n 7" -. - h: mc t -

er, approximate. However, for our emorv, .-? tneory'.,o

the salient features. If the waveguije s , :arz:{on is too , ,
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Fig. IV-2. Undercutting of mask with io.cn exchange. A) geometry
of effect; B) percent coupling as a function of
assumed waveguide separation.



z =3

U JU

00

LO ZN>

.1- . C ) C I -.IL 0

C,, 
I

< U

I

*11

, ,C3 Lip

C\4 10~ 31dl

XX 13, Od m-cTin 0
Fig. IV-3. Theoretical Coupling efficiency for a directionaIcoupler With waveguide width w as a function of wavegude sep-

aration. Solid and dotted lines are for the lowest order mode.
Dashed line is an estimate for the m=C mode.
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coupling occurs. There is in fact a particular separation 
for

optimum directional coupling. The actual numbers are not in

agreement with the experimental measurements, however. That is,

large coupling coefficients are predicted only for smaller wave-

guide separations. The reason for this was discovered by looking

at the mode profiles of the light coupled across from the straight

to the curved channel waveguide. We find that only higher order

modes are coupled with high efficiency.

The calculation of Fig. IV-3 was for lowest order modes only.

To achieve good agreement with theory and experiment, therefore,

we must perform the calculations for the higher order modes.

While not doing a numerical analysis, we may estimate the mode-

dependence of the coupling efficiency using some simple arguments.

The coupling efficiency is given by

n ae-q
d

where d is the separation between the waveguides and q is the

exponential fall-off of the light outside the waveguide. The other

mode-dependent factors in the coupling efficiency are not so

strongly varying, when the waveguides are separated rather far

apart.

The approximate mode-dependence of q is given by

q2 =2 ns2 = (a - ns) (B + ns) z 2 b ns(nf - ns)

where b is a parameter defined and plotted by Kogelnik. From

the plot of b, it can be seen that approximately

or

q m 1-M -

Thus, the value of q for the highest order mode in terms of

the lowest order modes is qM = qo/Mh. Since

in Km q

in K0 qo
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then
1/lw.M

KM = KO

In the waveguides we studies, M=6 so K6 = K0 "41  Using this

expression, we plotted K6 as a dotted line on Fig. IV-3. This

shows that a coupling coefficient of 20% for a separation of 5 um

is a reasonable result.

When the waveguides were excited by endfire coupling, which

tends to excite lower order modes, the directional coupling

efficiency in all cases was found to be less than with prism

input coupling. In fact, using the endfire method of excitation,

it was found that the directional coupling efficiency was very

sensitive to lateral alignment.

The importance of the modes of the guide on the coupling

coefficient was confirmed when photographs were made of the farfield

pattern of the output arm of the directional coupler when used

in the ring interferometer. This was shown in Fig. 11-6. The fact

that this was the highest order mode of the guide is clearly in

evidence.

i~
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V. WAVEGUIDE FABRICATION TECHNIQUES

We developed two techniques for fabrication of waveguides

in glass substrates. The last year we used ion exchange from

KNO3 melts. This technique will be described first. Previously,

we used diffusion from metallic silver films. Although very low

loss waveguides were obtained with this technique, the refrac-

tive index change was too low unless the diffusion took place

in the presence of an electric field. We found that the

electrode tended to introduce loss and were not able to satis-

factorily eliminate this problem. We therefore abandoned this

effort. Diffused waveguides are described in section B.

V.A. Fabrication of Waveguides by Ion Exchange from KNO3 Melts

V.A.l. Introduction

The fabrication technique for ion exchange involved

immersing the substrate in a KNO3 melt for several hours.

Typical temperatures and times are 400 0 C for 2 hours. The

conditions to obtain a single mode depend )n the sodium compo-

sition of the substrate glass. Initial measurements were made

in microscopic slides. Finally, the ring resonator was

fabricated in Kodak lustra glass plates. We were not able to

obtain single mode waveguides in this glass when the ion

exchange was performed at 400 0C. Lowering the ion exchange

temperature to 3500C should make it wasier to obtain single

mode waveguides.

Waveguides fabricated by ion exchange from KNO 3 melts at

4000C typically have a A n = 6 x 10- 3 . Figure V.1 shows the

index profile of two such planar waveguides. The WKB method was

used for determining the refractive index profile. For this

index change, radiation losses in 2 cm radius of curvature

channels are negligible. A few words of caution in the fab-

rication of waveguides from KNO3 melts:

1. Use a metallic crucible, preferably aluminum. Because of

the difference in thermal expansion between glass and KNO3 ,

glass petri dishes crack when allowed to cool while containing

KNO 3. This difference in thermal expansion coefficients also

causes stresses in the glass samples. The glass samples must
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Fig. V-1. Refractive index profile for waveguides fabricated
by ion exchange from a KNO 3 melt, determined by WKB
method.
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therefore be removed from the hot melt after the designated

ion exchange time and be allowed to cool outside the melt to

avoid cracking.

2. For channel waveguides, once the samples have been removed

from the melt and are cool, the residual KNO 3 should be

immediately washed away from the sample with water if the wave-

guiding channel is to remain.delineated by the aluminum film.

We have found that the KNO 3 crystallized on the glass substrate

dissolves aluminum.

V.A.2. Measurement of Waveguide Characteristics

A log-log plot of the effective waveguide depth versus ion

exchange time is shown in Fig. V.2. From the slope and inter-

cept of the graph we obtain an expression for the effective

depth as a function of the ion exchange time in hours. Because

the composition of microscope slides varies from batch to batch

the expression for the time dependence of the effective wave-

guide depth given here serves only as a guidline for waveguides

fabricated in these substrates by ion exchange from KNO3 melts.

Here we see that a two-mode guide with Z 3 um is fabricated

for ion exchange time of 1 hrs. Single mode guides are fab-

ricated for ion exchange times of 1 hour.

V.A.3. Fabrication of Channel Waveguides in Glass

The channel is defined by an aluminum mask. The primary

step in fabrication of high quality waveguides in glass sub-

strates is the proper cleaning of the substrate for deposition

of the metallic film. This step is crucial since good adherence

of the evaporated metal film to the substzate minimizes breaks

in the metal films during subsequent processing and as such

reduces one potential source of loss. All processing must be

done in a clean room to avoid dust contamination.

We have found the following glass cleaning technique to

work quite well and have obtained good adherence with Ag and Al

films up to 3000 X thick. This should be done in the clean room.

A. Glass Cleaning Procedure

I. Scrub samples with cotton swabs in tap water and detergent

mix (Alconox) .
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Fig. V-2. Waveguide depth as a function ion exchange time;
planar guides Zf is the depth for the l/e of
the refractive inx increase.
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2. Rinse with tap water

3. Rinse with DI water

4. Scrub with cotton swabs while in boiling Acetone

5. Scrub in boiling TCE

6. Rinse in Acetone with ultrasonic

7. Scrub with mixture of boiling DI water, Orion and NH40H

8. Wash thoroughly DI water

9. Force dry in Nitrogen -

10. Bake in oven at 250 - 300 0 C for two hours and immediately

deposit metal.

B. Metal Film Deposition

Fabrication of channel waveguides by ion exchange requires

the deposition of a metal film to bar ion migration from

regions about the channel. Metal films of Titanium and gold

chrome have been attempted to act as such a barrier against

K+ ion migration from KNO 3 melts. Gold chrome was found to

dissolve in the KNO 3 melt and as such is unsuitable. Titanium

metal films were found to adhere very well to the glass sub-

strate and channel definition prior to ion exchange was

achieved by using a dilute HF etch. However, removal of the

Titanium mask from the substrate after ion exchange was found

to be very difficult. In fact the surface of the substrates

from which the titanium was successfully removed were found to

be attacked by the HF solution. So we switched to Aluminum

as a mask to bar ion exchange from regions about the channel

because it is readily etched by both acids or hydroxides even

after ion exchange. However, because positive photoresist

developers contain hydroxide, the deposited aluminum film

must be no less than 3000 A thick. With films of this thick-

ness one avoids pitting of the film during photcresist pro-

cessing. Etching of the aluminum to delineate the channels is

accomplished by using an acidic etch which does not attack the

protective photoresist coating.

Deposition of the Al metal film is done at pressures of

10-6 torr. To enhance adhesion and to obtain a good metallic
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film, Aluminum is slowly melted in the crucible and rapidly

evaporated. Typically 18 inches of 62 mil Aluminum wire

evaporated on samples positioned 12 inches from the source

yield 3000 j thick Aluminum film. Aluminum film thickness can

also be monitored during deposition by using the crystal thick-

ness monitor on a material number setting of 370.

C. Photoresist Processing

Several positive photoresists have been used to define

channels in the aluminum film. We have found that Shipley

1370J photoresist spun on at 5000 r.p.m. for 30 secs gives

a 1 um thick coating which gives negligible undercutting

during the etching process.

After spinning the photoresist is prebaked at 90*C for

-20 minutes before exposure. Patterns from a mask are trans-

ferred to the photoresist coated substrate with the aid of a

mask aligner. Exposure times range from 4 secs to 10 secs

depending on the intensity (age) of the high vacuum mercury

lamp. After exposure the patterns are developed using Shipley

Microposit 351 photoresist developer diluted with D.I. water in

a ratio of 1:5 and then post baked at 90°C for 30 minutes.

Post-baking has been found to enhance the adhesion of the

photoresist to the metallic film and as such minimize under-

cutting during etching.

D. Etching

An acid etch is used to define the channels in the Aluminum

film. This consists of:

Nitric acid - 3%

Phosphoric acid - 77%

Acetic acid - 4%

D.I. water - 16%

The etch does not degrade in time but it is best not to reuse it.

Best results are obtained when the etch is heated to 550 C

(temperature control is critical) and when the sample is removed

as soon as the first bubbles started forming on the aluminum.

The substrate is then rinsed in DI water and the protective

LA
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Fig. V-3a. Profilometer traces of waveguides fabricated by
K4 ion exchange for 2,4,8 and 16 hrs.

Figure V-3b. Microscope pictures of waveguide channels
after ion exchange.
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photoresist coating removed with acetone or photoresist stripper.

E. Ion Exchange in Channel Waveguides

The substrates are then placed in a container with KNO 3 and

heated to 4000C for the required period of time. At room tempera-

ture KNO 3 is polycrystalline, but above 350
0 C, it melts and flows

around the glass substrate, providing the melt for ion exchange.

Since the substrate and sample are heated together, there is

approximately a 20 minute heating time added to the measured ion

exchange time. The reason for heating the sample and the KNO 3

together is to avoid any undue thermal stress.

It was observed that after ion exchange and with the

Aluminium film etched away from the substrate, some of the channel

waveguides were still visible. Profilometer measurements (Fig.

V-3a) showed that there was an elevation formed in the glass at

the position of the waveguide. Fig. V-3b shows a low contrast

picture of this effect. This height change was found to vary

monotonically with ion exchange times (Fig. V-4a) for times

extending up to 16 hours at which point the ridge was approximately

0.3 Lim high. Associated with this height change is a widening of

the waveguide channel. For channels defined by aluminium masks

10 um - 30 Um wide the effective width of the elevation (width at

half the height change) varied from 25 Vim - 40 im(Fig. V-4b

The data show that for these channels the guide widens by 15 im,

independent of ion exchange time. The reason for this is not

fully understood and may be evidence of undercutting of the

aluminium mask.

F. Edge Polishing of Glass

Edge polishing of glass samples is required when endfire

coupling into waveguides fabricated in thick glass substrates is

desired. This is the last step in the fabrication process and is

done after ion exchange.

In edge polishing the sample is placed in a chuck and blocked

up with microscope slide blanks. The entire sample and micro-

scope slide assembly are held together with molten black wax.

The flat edges of the outermost samples and the sides of all the

samples are bevelled with sandpaper or emery board (Fig. V-5) to



0.3 050

0.2

HEIGHT
CHANGE
MICRO- 16hrs 40

2 hrs x

a -

0 5 10 15
ION EXCHANGE TIM4E (HOURS)

Figure V-4a. Increase in ridqe height of channel waveguides as a
of ion excnange time

40

16 hrs 0

8 hrs 4

30 SLOPE 1. 4 hrs 0a
WIDTH 4 A 2 hrs X

AT
HALF

HEIGHT

20

MICRO-
METERS

10

10 20 30 40

MASK WIDTH (MICROMETERS)

Fiqure V 4b. Increase in ridqe width of- channel] waveguidies



51

SAMPLE

- -" BEVELLED MICROSCOPE SLIDE-

(A)

' IZ/ 4.--- BEVELLED FEET

(B)

Fig. V-5. A) For edge polishing of glass the outermost micro-
scope slides are bevelled to avoid chipping. B) The
feet attached to the lap are made from end -bevelled
microscope slides.
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minimize surface scratching caused by broken chips of glass.

Glass feet are also attached to the base of the chuck with black

wax;all sharp glass edges bevelled. After the sample and feet

are attached to the chuck, the assembly is allowed to cool and

while still warm to the touch it is transferred to an optical

flat for final cooling. This is to ensure that the sample and

blocking slides are level with the feet.

Initial grinding of the sample is done using 22.5An

aluminium oxide powder on a grooved lap. This coarse grit
is continued

accelerates the grinding process and until the surfaces are seenA
to be evenly ground. The chuck and lap are then thoroughly rinsed

with tap water and scrubbed to remove any residual coarse grit.

This procedure is repeated using 600 aluminium oxide grit and

then 3.0 wm grit. After the sample is properly ground the chuck

is washed thoroughly in warm soapy water before polishing.

A 3/4 inch pitch polishing lap is prepared using 50% soft

optical pitch. The pitch is melted and poured onto a flat metal

lap. To contain the molten pitch on the lap masking tape is

wrapped around the edge. When the pitch is firm, the lap is turned

over on an optically flat surface and allowed to cool.

After cooling, grooves are cut into the pitch surface; these

act as traps for the coarser polishing particles which are washed

away during polishing. Initial polishing is done using 1 um

aluminium oxide powder. This grit is used until the feet and

sample surfaces appear well polished. The polishing lap and chuck

are then rinsed and scrubbed and further polishing is continued

using .05 um aluminium oxide powder. An alternative to using

1 m and .05 um polishing powders is to use Syton.
B. Optical Waveguide Formation by Solid-State Diffusion From

Silver Films

1. Without Electric Field

A thin film of silver (2000K) is vacuum deposited on a glass

substrate. Proper deposition of the silver film on glass requires

pressures of the order 10- 6 torr. The deposition is done much more
slowly than aluminium deposition. The adhesion of the silver film

to the substrate is generally not as good and as such any required
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processing should be done as soon as possible. Typically 10 inches

of silver give a 3000 A thick film on a substrate positioned at
12 inches from the source.

After deposition, ion exchange of the silver with the sodium

in the glass occurs by heating the sample to temperatures between

300 0C and 500 0C. Diffusion times range from 10 minutes to three

hours, resulting in guides with thicknesses from 10 um to 100 wm.

The change in refractive index in microscope slides is approxi-
-3

mately 10

Photo-resist processing is used to provide the optical circuit

in the silver film before diffusion. We have been most successful

with negative photoresists.

2. With Electric Field

In order to obtain a higher refractive index, we applied

an electric field during diffusion. This was done by overcoating

both sides of the sample with electrodes and applying a voltage

between the two faces of the substrate. Fig. V-6 shows two mode

profiles for identical conditions, except for a change in tempera-

ture. Clearly for B3El there was depletion of the silver film at

the surface, since the higher temperature caused a reduced refractive

index at the surface.

For identical conditions except for a variation in voltage,

we obtain Fig. V-7. Thus voltage causes An a V, but the thickness

is determined by the time and temperature.

When the temperature is decreased so that the depletion of the

silver film does not occur, then the index increase at the surface

is roughly proportional to applied field, as shown in Fig. V-8.

Similar data was obtained in S-8000, except that waveguides are

fabricated at lower temperatures and comparable fields results in

smaller values of An.

Along with electro-diffusion of waveguides, in channel wave-

guides there appeared a depression in the surface of the substrate,

as shown in Fig. V-. This made it impossible to prism-couple

into electro-diffused waveguides. This is one reason why electro-

diffusion was not pursued further. The other reason was an

increase in loss, described in Section VI.
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Figure V-9a. Typica- profilometer trace of groove formed
when electro.zdiffusion is done at elevated
temperatures. X is position measured along
glass surface.
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Fig. V-ib. groove depth vs. diffusion time
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VI. LOSSES IN GLASS WAVEGUIDES

A. Planiar Waveguides

In the early months of this contract we made a study of the

losses in waveguides using different glass substrates. The pur-

pose of this study was to determine those factors which contri-

bute to loss in glass waveguides and to estimate the performance

expected in ring interferometers.

In this study we proved conclusively that fining agents added

to optical glass to eliminate air bubbles cause reduction of those

ions introduced to form the waveguide. This has been shown by

comparing losses in waveguides fabricated by the same technique

in different glass substrates.

Figure VI-l shows the losses measured in a number of planar

waveguides fabricated on different substrates. The technique

used was diffusion of silver ions. Samples KI and Vi represent

two different brands of microscope slides. A large variation was

seen from box to box within a brand as well as from brand to brand.

The samples S-3 and S-8000 represent two compositions of Schott

glass, especially fabricated without fining agents. The former

is soda-lime silica glass and the latter is phosphate glass.

In previous work we demonstrated that a loss which decreases

with mode number is due to scattering or absorption within the

volume of the waveguide, while losses which increase with mode

number are due to the surface of the waveguide (Findakly and

Garmire, Appl. Phys. Lett. 37, 855 (1980)]. Thus the S-3 glass

has a loss which depends on the silver diffusant, but S-8000 glass

has a loss due primarily to surface roughness. With such high loss

in the S-3 glass, we determined that not all reducing agents were

removed from the glass. Indeed, the glass included arsenic and

titanium. We therefore obtained S-3 glass prepared without titanium

or arsenic, and obtained waveguides with much lower loss (labelled

S3*). It is with this glass that low-loss resonators should be

obtainable.
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The very low loss in S3* was measured using the three-prism

technique. For mode numbers smaller than 9, the coupling

efficiency was too small for the signal to be above the noise

limit of the detector, and to measure meaningful loss. Measure-

ments could not be made for these modes. However, the average

loss in S3 glass was 14.14 dB/cm.

Since these highly multimode guides were not suitable for

the ring resonator, we studied'field-assisted (eletro-thermal)

diffusion and measured its losses. These waveguides had much

higher values of refractive index and were not so deep. Typical

losses are shown in Fig. VI-2. We discovered that the gold

anode was contributing loss to the waveguides, so we used a

thick silver film as an anode and observed a much lower loss.

Because of the slope of the mode-dependence of the loss, it

can be seen that the loss is primarily due to roughness of the

surface. The ten times higher loss which occurs when a field is

applied during diffusion is a direct result of the fact that

the waveguide is then times thicker. Indeed it was difficult to

remove the anode after the field-assisted diffusion. The solu-

tion to this dilemma is to bury the guide below the surface. We

reported preliminary results on burying the guide which indicate

a reduction of a factor of five in loss by burying the guide

[Findakly and Garmire, Appl. Phys. Lett. 37, 855 (1980)]. This

procedure has not yet been demonstrated on channel waveguides,

and remains to be accomplished.

Because of our concern with silver as a diffusant and the

electro-thermal process degrading the surface, we decided to study

ion exchanged waveguides using melts. Typical losses in planar

waveguides are shown in Fig. VI-3. It can be seen that, for wave-

guides of comparable thickness, the losses are considerably below

those due to field-assisted silver diffusion. Again, in these

waveguides the higher order modes have greater loss, indicating

that for these shallow waveguides the predominant loss mechanism

-- i~~mm~i~in~m,.b!
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Figure VI-3. Loss of three-mode planar waveguide 6 pm thick

fabricated by KNO3 ion exchange in $3* glass at 350 C

for two hours.
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is surface roughness. Highly multimode waveguides fabricated in

S-3* substrates exhibited such pronounced in-plane and out-of-

plane scatter that no definitive measurements of either mode angles

or mode dependence of the loss could be made. Because the strong

intermodal scatter was observed in the optical glasses and not

in microscope slides, we suspect that for these deep waveguides

additional scattering losses are caused by subsurface microcracks
created during preparation of-thhe glass surface. These suspicions

were further strengthened when we observed that there was no

change in the intermodal coupling when the substrate was coated

with methanol.

B. Channel Waveguides

The losses in curved and straight channel waveguides have

been measured using microscope slides as substrates. Typical

loss measurements of guides are shown in Fig. VI-4. As is expected

because of its 20 4m width, the losses in the straight channel are

within the +0.2 dB/cm error bar of the planar waveguide. The

curved channel waveguide was excited by endfire coupling. As

such, the 0.97 dB/cm loss measured represents the average loss

over all modes. When this is compared to the 0.85 dB/cm average

loss in the planar guide, it isseen that for the 3 cm radius of

curvature the radiation losses in this waveguide are negligible.

This is predicted by thsiretical modelling, shown in Table VI-l.

The losses in microscope slides are higher than in S-3* glass

and decrease with increasing mode number. This is presumably due

to absorption and scatter from fining agents within the microscope

slide glass, which are missing in the S-3" glass. The contract

ran out before were able to fabricate channel guides in S-3* glass,

since we choose the more readily available Kodak Lustra glass for

our first ring resonators. However, all data to date indicate

losses in the order of 0.1 dB/cm at 0.63 pm in S-3 glass without

fining agents.
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TABLE VI -I. Bend Loss in dielectric waveguides

The losses for a bent waveguide are given by Marcatili
Bell System Technical Journal vol. 48, 2103 (1969).
When the guide is multi-mode, Marcii-fli equ. 14 gives
the loss per radian of bend as approximately

R - (n/2An) h exp(-cR/)

where c 0 10 (An) 3 / 2

The following is a table evaluating the loss through
2"r radians for various ring radii and refractive index
discontinuities

Loss per revolution in ring

An R - 0.5cm R = 1 cm R = 2 cm R = 5 cm 5 -10

.001 100% 67% 7.2% 10-7% 0--4

.002 9.6% 10 % 10 -8% 0 0

.003 .02% 0 0 0 0

.006 0 0 0 0 0

.008 0 0 0 0 0

JI .
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Predictions of the ultimate lowest loss expected by our

techniques can be made by extrapolating several of our measure-

ments. From the data in Figure VI-3, losses at 0.63 .im the order

of 0.1 dB/cm are obtained. Previous measurements on the wavelength-

dependence of loss showed that going to 1.1 um input wavelength

reduced the losses a factor of five. At this wavelength, the

waveguide previously reported in S3* (Fig. VI-3) would be a

single mode. Thus, we expect loss on the order of 0.02 dB/cm.

Further reduction in loss can be achieved by burying the

guide below the surface. We demonstrated a reduction of loss of

almost a factor of two by burying the guide below the surface

(Findakly, Garmire, Appl. Phys. Lett. 37, 856 (1980). This can

be accomplished by following the KNO3 ion exchange with a NaNO3
ion exchange step to decrease the refractive index at the surface

relative to the waveguide (high K concentration layer). We thus

expect that with further development, losses the order of

0.01dB/cm at 1.3 pm will be achievable in S3* single-mode guides

fabricated by potassium ion exchange. Losses of this order will

be suitable for a commercially applicable inertial rotation sensor.

C. In-Plane Scatter

In addition to losses, we made comparative measurements of

in-plane scatter out-of-plane scatter and mode-mixing for various

substrates and processes.

The technique of diffusion of silver films was studied

because the losses in microscope slides were very low. We observed

essentially no out-of-plane scatter and very little in-plane

scatter. Because of the success with this process in microscope

slides, we decided to apply it to optical qlasses. We obtained

substrates of soda-lime glass from Schott, S-3, and of phosphate

glass, S-8aoa.

There was no out-of-plane scatter in the S-3 glass; indeed,

the streak was invisible. Although the measured overall losses

in S-8000 were lower, there was more out-of-plane scatter,

presumably from the fact that the phosphate glass is more chemi-

cally reactive. Photographs of the prism-coupled m-lines show

in-plane scatter, (Fig. VI-5), particularly for the S-3 glass.

However, the photograph had to be over-exposed in order to detect
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A. S3 glass; 400 0 C, 1 hour; 14 modes, waveguide 50 am thick

B. S8000 glass; 4000 C, 1 hour; 8 modes, waveguide 28 4m thick

Figure VI-5. Far-field pattern of prism-coupled output from
waveguides fabricated by thermal diffusion of a silver film.
The plane of the waveguide is vertical. In-plane scatter is
indicated by the weak vertical streak. Mode-mixing is indicated
by the existence of more than one vertical line.
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the weak in-plane scatter line. This sample of S3 was found to

be lossy because of the presence of fining agents. We subsequently

ordered new S3 without fining agents and observed lower loss than

in S8000 glass, as described in the last section. This new S3

glass also had negligible in-plane scatter. However, it should

be mentioned that these guides had very small refractive index

increases and were 40 Pm thick. It is thus not surprising that the

scatter loss was small.

Since thermal diffusion of'silver into S-3 glass did not

provide a large enough index change for good quality single mode

guides, we studied electro-thermal diffusion. We found that this

process unfortunately introduced considerable in-plane scatter

and mode-mixing. This is shown in Figure VI-6. In addition to

scatter, the measured losses increased to 0.7 dB/cm for a wave-

guide of depth 3.5 um. This seemed to indicate that silver as a

diffusant was too lossy for the ring resonator. We therefore

turned to potassium as a diffusant, introduced through ion

exchange from a melt.

Using KNO 3 melts, the in-plane scatter was considerably

smaller, as shown in Figure VI-7. However, lower order modes still

have a small amount of in-plane scatter, and considerable intermode

mixing. By comparison, the far-field outputs are shown for the

KNO3 melt in microscope slides, Figure VI-8. Direct comparison

between Figures 7 and 8 are difficult because the exposures are

different. However, it can be seen that there is very little in-

plane scatter in microscope slides. We wanted to see whether the

polishing process introduced in-plane scatter, so polished a

microscope slide. The guided mode output distribution is shown

in Figure VI-9. Some additional in-plane scatter is introduced

by the polishing process, but since our techniques were not of

optical quality this is not surprising.

In an attempt to identify the source of in-plane scatter, we

coated the sample with low index liquid and studied waveguiding.

We found that this had no impact on in-plane scatter, demonstrating

that the scattering mechanism was due to sites within the waveguide,

rather than on the surface. We did, however, find that the liquid

on the surface increased the light coupled out the prism.
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Figure VI-6. Far-field of prism output-coupledi light from

waveguide in 333* glass, fabricated by electric field-

assisted diffusion of silver film (1000R) using ZOI V/mm

for 15 minutes at 190 Or. with nnqt-diffujqinr nrrp ,.1 no
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m = 1 excted

B t m = 2 excited

Figure VI-7. Far-field of prism-coupled output from ion-excnange

waveguide in S3* glass, fabricated using KN% 3 at _500- for

2 hours. Note the presence of ghost images (arrow). The

intensity of this ghost depends on output prism couplr.,

pressure, and is due to interference between the prism

coupler and the wave'iide.



Figure VI-8. Far-field of light coupled with a prism from

a waveg7,ide fabricated by ion exchange in a microscope

slide. A KNO 3melt was used at 400 0 'for two hours.

There were three modes with an effective depth of 9.6 _m.
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One reason for the strong in-plane scatter with the oDtical

glasses may be their polished surface. Although we deter7-. iei t

the surface was not the cause of in-plane scatter, the zosh3r.:

process causes micro-cracks which may extend below the surface of

the glass, causing in-plane scattering centers. Indeed, we obtaiie:

samples of S3 glass which had surfaces prepared by superpolishing,

and the results are shown in Fig. VI-10. Very clearly, in this

case, considerable in-plane spatter is caused by the polishing

process. In th!- process an extremely flat surface is obtained

by pressing during the polishing process and "smearing out" the

surface. This leaves a highly damaged layer just below the surface

which may be the source of the excess in plane scatter. We were

not able definitively to prove that we measured the effect of

microcracks. Clearly superpolish degrades the waveguide perfor-

mance. Also, the enhanced scatter in field-assisted waveguides

may be the result of stress-induced microcracks. More work needs

to be done in this area to fully understand in-plane scatter.

It would be very useful to fabricate waveguides buried below

the surface of the glass to determine whether or not the scatter

is reduced. Our preliminary results on burying the guide below

the surface reduced the loss by 0.8 dB/cm. That is, from 1.96

db/cm to 1.2 dB/cm. These experiments were preformed in

microscope slides, which is the reason for the large total loss.

We experimented also with annealing the waveguides. However,

we found that after anneal the scatter was no less, but the

increased heating time introduced a new mode.

The results of this study were that KNO 3 is better than

field-assisted diffusion of silver films in reducing the in-

plane scatter. This is the process which we have decided upon

for the ring resonator. Furthermore, for preliminary measurements

with the ring, we decided to use Kodak lustra glass, flat glass

prepared by a rolling process to avoid in-plane scatter.

C !
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Reduction and control of optical wavegulde losses in glass 73

T. Findakly and E. Garmire
Centerfor Ls r Studies. Unwerztuy of Southern California. Uniersjy park Los Angeles. California 90007

(Received 26 March 1980, accepted for publication 7 August 19&ui

Reproducible waveguides were obtained by diffusion of silver films both with and without an
applied electrc field. Measurements of the mode, wavelength, and thickness dependences of the
loss permit us to identify loss contributions from both the diffusant and also from surface
roughness. Reduction of loss was achieved both by burying the waveguide below the surface of
the substrate and also by performing measurements in the near infrared.

PACES numbers. 42.82. + n, 42.80.Lt

Glass optical waveguides are attractive candidates for- crease in loss with increasing waveguide thickness is consis-
passive integrated optical circuits which required low-loss, tent with models for loss which depend either on surface
low-cross-talk waveguides and utilize low-cost substrates roughness or on the silver concentration and therefore do
and simple processing techniques. These applications range not offer information as to the loss mechanism. However,
from highly multimode buried guides for use with graded- the data indicate that meaningful loss measurements must
index fibers to reproducible single-mode guides with very include waveguide dimensions. since thicker waveguides al-
low loss. Most glass waveguides studied to date have been ways have lower loss.
fabricated with ion exchange from molten salts of silver ni- To increase the refractive index in the waveguides, we
trate.' We found unreproducibility and relatively high loss applied an electric field to assist in the diffusion process. The
using this process, and therefore have investigated using an electrodiffusion was carried out in air at temperatures in the
oxidized silver film rather than a melt as a source for the range 300-350 C, with an electric field of up to 100 V/mm
exchange. We have fabricated waveguides both with and applied for periods ranging from a few minutes to one hour.
without an electric field applied during the diffusion. The ionic current density, ranging from a few microamperes

We have observed much lower loss, better reproducibil- to a few milliamperes per square centimeter, was monitored
ity, and less degradation with time than was obtained using throughout.
molten salts. We have made measurements of waveguide Electrodiffused waveguides had index increases of up to
loss as a function of mode number, waveguide thickness, and 0.025, depending on applied field (in contrast to the results
wavelength which have made it possible to obtain definitive reported in Ref. 3). The index increase, guide thickness, and

information about the mechanisms of loss. Finally, by using number of modes were easily controlled through varying the

the electric field to drive the silver ions below the surface of diffusion time, temperature, and applied electric field. Mode
the glass/air interface, we have buried the waveguide, there- dispersion measurements were performed with prism cou-

by reducing the loss due to surface roughness.2 The initial pling and the resulting index profile was determined from
results indicate as much as 0.8 dB/cm reduction in loss by the effective indices of the guided modes using the usual
burying the waveguide. WKB analysis. Typical index profiles are shown in Fig. 2.

Silver films a few hundred angstroms thick were vacu- The waveguides represented by curves a and b in Fig. 2

um deposited onto soda lime silicate glass microscope slides, were fabricated using gold films as electrodes. Single-mode
We report first on diffusions performed without an applied waveguides were easily obtained in this fashion using diffu-

electric field. We observed waveguides of small index change sion times of less than five minuts at 350 "C and 50 V/mm

(0.001) with thicknesses from several microns to several tens applied field. For highly multimode guides, however, with

od microns, depending on diffusion time (a few minutes to a numerical aperatures approaching those of fibers, it was

few hours) and temperature (the thickest waveguides were found that the cathode deteriorated with time idue to accu-

achieved at 500 C). The index increase was much smaller mulation of sodium metal). Thus, to obtain thick waveguides

than we observed in molten-salt ion exchange experiments as those showt. in curves c and d, we introduce a molten

(0.09). in marked contrast to the results of Chartier et al.3

who reported that silver films and silver nitrate melts appar-
ently gave the same index profiles. They reported a seven-
mode waveguide diffused from a silver film at 250 "C for two -

hours, while we were unable to create even a single mode a - .
after diffusion for four hours at that temperature. -

Loss measurements at 0 .6 3 3 /zm were made on these '
waveguides by proving the decrease in light scattered out of
the waveguide along the propagation direction. Typical val- -
ues of the loss as a function of waveguide thickness are ,"cn ,.i'

shown in Fig. I These numbers are comparable to the best FIG I Thicknesm-dependenit tosue in sliver.film-diffused glsi
results reported for ion exchange from the melt.' The de- wavegu,des
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FIG 3 Mode-dependent
-louts in eiemfc.6ield-assisted

uilver-diffused waveguides at
0 .47 6-.0633-. and I I S-M

~ wavelengths

II,.

FIG 2 Index proile of electnc.field-assssted slver.film-diffu Slass l 6). ) on

waveguides

sodium nitrate cathode. Required process times and applied
fields we much smaller

Losses in these electrodiffused waveguides (measured at other modes As proofthat the waveguide was buried, a sub-
0.633/ami were typically the order of I 5 dB/cm, higher than stantial reductio., in the coupling efficiency of a prism was
that measured in the low-index guides fabricated without an observed, although the end-fire coupling remained effective.
electric field. However, these losses were still much lower The reduction of almost 0.8 dB/cm by burying the guide at
than those for guides of the same dimensions fabricated by 0.63jum is significant as a means of reducing the surface
ion exchange. Furthermore. wavesuides fabricated in opti- scattering component ofthe total loss and predicts very low-
cal-quality glass had much higher losses than any reported loss operation in the near infrared, where the volume loss is

here, owing to the additional presence of reducing agents in low.
those glasses ' In summary, we have decribed integrated optical glass

Information about the loss mechanism is determined by waveguides formed by electrodifusion of sver films. ThIS
studying the mode dependence of the loss. Typical results technique proves to be eminently suitable for processing
are shown in Fig. 3, which shows the loss in the same wave- low-loss waveguides. We have demonstrated that these
guide at three different wavelengths. Losses originating from wavelengths have the capability of guiding single mode with
diffused silver are lower for higher-order modes since the losses well below 0.1 dB/cm at 1.15/am, when the guide is
latter have deeper optical penetiation and accordingly en- buried below the surface.
counter less silver. This dependence is demonstrated by mea- The authors appreciate the skillful technique assistance
surement of waveguide loss at 0.476/pm, where the silver of Ray Owen in sample preparation. This work was spon-
causes a large absorption loss. It is important to notice that sored by AFOSR.
the mode dependence of the Ics at 1. 14 pm is thereverse of
that in the blue. This indicater that at near-infrared wave-
lengths, the predominant loss mechanism is surface rough-
nes apparently on the order of 0.5 dB/cm. At 0.63 /um the 'See, for euimple. G Chanmer, P. Collier. A. Guem P. Jauaaud. and Y

two loss mechanisms are more or less comparable. Won. Appl. Opt. 19. 1092 (1980t G. Stewart. C. A. Mltiar. P J R. Lay-
bourn. C. D W Wilkinson. and R. M. DeLaLRuc. I Quantum Electron

To avoid losses due to surface roughness, it is necessary QE13. 192 (1977).
to bury the waveguide below the surface. We fabricated IT. Findakly and E Garmire. Opt. Lett. 4. 149 (1979.
buried waveguides by following electrodiffusion with a sec- 'G Chrutier. P Jaussaud. A. D. de Oliveira, and 0. Parrtaux. Electron.

Lett. 14, 132 (19781.
ond eletrodiffusion in the absence of a silver source. We 'T. Guillorenzi, E West. R. Kirk. R. Ginther, and R. Andrews, Appi. Opt
observed a reduction in loss from 1.96 to 1.2 dB/cm for the 12. 124011973).
lowest-order mode at 0.63 pm, with similar results for the '(. E. Rindone and W. A Y'ey1, J. Am. Ceram. Soc. 33.911195%0.
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IX.B,Laser Writing of Masks for Integrated Optical Circuits 8

KEM E. WILSON. CRAIG T. MUELLER, ma. ins, ^x ELSA M. GARMIRE. ,zu~ow M

Am-OMakae imiqiatd *Ptkz aPlIC~ttei haY, bees UNjIj FILM
hirm&W d mig a eiand Arge howr leamm so expe a pboheerulu 10 CA.LISIS

aemsad "dchnom -~s.; Cure ma tah* ie masks wie UPIWM
w use aslag a combizaados or preclam moter-drie fotmaJ --&mW W

tpualfesal "stai to ince the omted plate made: the facmd tametucl
bem.B Y71a5 twe Poe &"d/ar writ1.sed drda SETI

j. VRise the results It Is abows tast anvw Uses gaeral emtmetea
k"g wtkh benetLa h ISM A edge rougham coa be eaeoi by WAI ST34S1YR -FUr

Mricedon~s~a~ 51wq c Mar

G MWAVE DEVICES, Unlie conventional electronic Frg 1. Expuurnental arraagemmt foe late wrlh Of 15A L
deic.oftenrqureunami dimensions on the Order of

UrOfl5 inOed ietoan large dmnisontererof waveguide IN=c diameter and directionsal couplers for input
cntimtersh I the- ppndiula directioni. Convntlrali anid output coupling. The apparatus shown In Fig. I has been
photolithographic techniques such as elctrn m wr-ling desiged for this pupose.
sad pattern genieration methods have been sho0wn to produce A combination of neutral density filters and polarizers
1he high quality masking structures (200 A edge roughness) wer used to wary the laser power, and the patterns were
II which are required In integrated optics. However. ths written by using precision motor-drivn translational and

techniques reqire some sort of step, align. and repeat" rotational stages to move the mask under the focused laser
pmocedure, often causing abrupt irregularities. in addition -be=. Dy changing the distance from the axis of rotation to
to the long lead time to delivery, these msks are expensive the position of the focused beam, we wert: able to vary the
sad fabication of complex designs can rapidly deplete the radius of ings and the curvature of aiscular sections. Direc-
mourca of a modest research grant. The research scientist dorns] couplers were fabricated by laterally translating the
m11111t therefore either deal with simple structures or find an =ask a few micrometers before writing the taea pattern. The
sautive means of fabrication. Laser wziting offers such lateral motion of the stage was manhtood using a Twynan-

,]tlitmtive. Green interferometer. one arm of which consised of a reflec-
The Idea of using -a laser beam to wxpose photoresist pat. tor mounted on. the translational stap. By recording the

terma a few microns wide and several centimeters lons has been motion of the interference fringes resulting from the change
mmmid for aeveral years. Decker 91 &1. [2]. in their "IFocused in optical path length. w4e were able to dleternme accurately
iler lihogrhkilly=em" used an argon laser beami to di- the center to enter separation between two adjacent lines.
reedy expose a photoresist coated substrate and demonstrated Vibrational isolation was achieved by mounting the entire
tha this technique is suitable for zoatiog lift-off processes. We system on an sir suspension optical table.
hasm mud lasM writing to expose commercially available Masks suitable for contact periting were fabricated using a
PhotOresst-coated chromium masks and generated patterns standard gold-chrome mask coated with a thin layer (5000 A)
saitlible for contact printing. Dy also including a motor-diven of positive photoresist (AZ 135W). Although the optimum
rota11tional stage, -we have 'generated arm and complete ringZ operating range for this resist is around 350 nm, we have found
pattern with less than 0.1 #an residual edge roughness. Such It to be sufficiently snensitive at the short Argon lase wave-

aska we3 a suitable for fabricating variable spacing directional lengths (4545 A and 4579 A) to obtain good patterns when
couplers and *in interferometers. Dy witing the patterns operating at rnicrowatt laser powers. Using the 4545 A Argon
dbsc*l onto a mask we have avoided the difficulties of re- wavelength, we have written linesu as all as 2.51Mu wide
111l181ft the system to accommodate substrates of different which is on the order of The diffacton limtited spot size. In

thicmun.this paper we demonstrate some of the structures which laser
We have been explorinig the possibilities of laser writing writing can produce and indicate scene of the fabrication limits

of MAsks for Applications which require long waveguides only of the process.
a few Ukmin wide. In particular, we are working on the devel- Typical lae powers for laser writing range from 8 pW to
OPawnt Of a ring interferometer in glass, consisting Of a ring 0.5 mW with writing speeds mayin from 0.3 to 3 amm/s.

Usmmt llorvt Au~t 3,391; ime Noembr Ij I Making use of the laser beam'Gaussian intensity profile to
Mauasops amiadA~p~ 1, 15l;raiga ?4vumbe 98.19CR control the linewidth. lines ranging in width from 2 in to

Ilie 'oak was SIPPOnesd by the Alt Force offmce of Scientlil Res;rch. bt h a oe
The authorsar wth the Canter for Laser Swudks Univest of 24 pun have been produced by adjusting bt h a oe

Ueathw Calfera UmlimeritY Park. Lot Aglm.C "007. and! translation rate. AlternatIvely, the linewldth can be
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Fig. 2. 2O4Jx gsauifatlo of ma*k for parallel Iloes fabricated by I~ 3.%Ox osalfcation of &%m wde Ile dww a 6-pro period'
law wrI~ Lins 4-onm (lower Sm0p) and 7-m (upper group) is eSgP rOOu .m
wid were wrda using 40 jW Lad 90 A~ of lase power. resec-

varied by defbcusing the la beam or by using a different
microscope objective The two parameters which determine
the precision to which the writing stage must be aligned are
the focused spot size and the depth of focus. For a Gaussian
bum, the minimum spot siz is given by 1.3 X j7d where) XIs
the wavelength ffa the focal length of the objective lens, and
d Is the beam diameter [31. For a 2-mm beamn diameter and a
20 x microscope objective, the calculated mainimumi spot sine
(separation at'1/43 power points) Is 2.3 an. With this micro-
me objective and a translational speed of 0.3 mm/s. 4-om
and 7-Mmn wide linas hae beem written at laser powers of'
40 piW and 80 j&W, uespectively..(Fig. 2). The depth of focus
for a Gammxa beam is given by -t 2.5 X (ld) 2. The calculated Fig. 4. Pmtc pbotograpbs of Ito. wri ubi th runtdoWm sup
depth of focus foir our arrangement was 1! 19 gAm. Thus the (top) and the translatilomStop (bottomo). No that &M isano
focused spot size did not change significantly -within the wobl I. to the top trc a at dill Ma0x inailltion.

0-in thick photoreslat layer. However to obtain lies of
uniform width over long distances, optical aflipanet of the translation stage. In additin to the edg ruhns, the
translational stage ovar the length of the beam travel Is cruciaL edg of the bottom lan show the effects of Incomplete
This was achieved by ensuring that reflected and incident development. Howeve, edge sharpnss n be suhance by

beam remained coftear over the length of the trave of the optimizing the exposure so that-the plotoreuis channel
stage. With this alignment procedure, we wern able to write edge occus at the half power point of the focused GauasionI
lina 4-san wide over a 6-cm length- beam.

Atypical line drawnz by laser writing Is shown In FIg& 3. Directional couplers can be made by comnbining an arc
Notice that the edies are sharp. However there Is approx- and a straight line (or two arcs), separated by a small distance.
mately 1000 A residual edge roughness of about 6-$un perio- For this purpose we wrote arm of 40czn radius of curvature,
Acity along the length of the fIne. Possible mechanism for of width 3 jins and length S cm. We also wrote a ring wave-
the residual edge roughness are fluctuations iIna power, guide, 7 cm in MW'rter with a linewidth of 15 jan. This
deviations of the translation stage, vibrations In the systemn and ring will form the basis for a ring interferometer [4]. To
photoresast processing limitations. To determine the cause of further explore the potential of laser writing for directional
'he edge roughee, we compared the lines drawn by using the couplers, we wrote several lines using the translation stage
-otatioriol and translational stages. The ars written with the and varying the separation between the Lines. One such pattern
routataJ supg were of very high quality with no edge rough- Is shown in Fig. S. The Lines ame 25S-pm wide with 1.5.0m
aem measurable at 1200X magnification. An example is *die to edge separation. For this exposure, the separation
shown us the top channel of Fig. 4. In comparison the line between these lines was controlled by a differential screw
ir&wn using the tranislational stage (bottom channel in Fig. 4) translator which had a resolution of 0.12S lan. The results
ioes exlibit O.l-san residual edge roughness. This indicated obtained using the differential translator sam similar to those
na: random vuautionu such as fluctuations in lasw power and obtained with the Twyrnan-Green' interferometer. other
ystemn vibrations were not the cause of the observed edge structures written by Loser writing ane the crossed and Y
'oughness but instead it was due to a Usliht wobble in the power splitters shown in FIp. 6(a) and 6(b).
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Fis. S. 960X mpuffation of dirctinoal couplea mask witelea by (a)
lawsntw& Lm ur-23. wide wW separated by 1j _

We found it difficult to align our setup sufficiently and
accurately to wiueoth an arc and a straightline separatedbyth required qutolr k abcii coupler. More yt
ally. the two lines would Interect. For this reason we have

found it most convenient to vmte a master arc and straight .
lot, and to contact print both onto another mask, care-
fully adjustinS the spacing under a microscope.

We have fabricated both Stan and W-Jb0 3 wavegwdes,
nle and multinode, usng these masks. We have not made

careful compariscon of wave uldes made with these asks
mid those made ty tlectronc-beam written isk, but we
confident that the laer-written masks compare favorably.
We am now UM laser-written masks for all our optical *1
OIidtSL F.. 6 Masks for powerq ters under 2043X RWSMul h& (a)

IM mtcludwon we have demonstrated somie of the caps. CmWa power split Lima an 16*. wide- b) T power V-
bililies of las witing as x tool for fhbticating masks for It M 6-am and ivm wMid

interated optics circulls. We believe that the potential ad REFERENCES
iintaps of this tedchique an sufficient to make i t a Vible (1 IM. BVnOWk udw.a s jimpiW Opds -dMw Ymk:
option to existing methods. One possible exteon of the Pkm. 1974, p. 178.
hahuit would be to me a computer coatroed X-Y stage 121. . A. Beck . "'rV * bw alpaaic NY A.,-
to fabrcate Mby mask structues. In the manme, we Opt.. vol. 17. . 1069. I M97.

131 A.Ymav. 9Qwma - ecruics . ewik . 1.
hove found the combination mf Ofe trnstion Md one 141 J. Hvi a G. A. f " Raaamm .ee i hw
rotation SU Si m enougki flexibility for several applications. wuevguides." Opics Lon.. vWl. S. p. 310. i90."


